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In this study we propose to develop and validate pulmonary nodule elastometry imaging, a method complementary to CT that has the potential to increase the specificity of screening for early detection of lung cancer. We propose to address the need for greater specificity in lung cancer screening by characterizing a mechanical property of pulmonary lesions, specifically pulmonary nodule (PN) elasticity, in addition to standard anatomic features. We hypothesize that malignant and benign PN can be distinguished more specifically by different elasticities determined from 4D CT images. The specific aims of the study were the development of pulmonary nodule elastometry algorithms based on deformable image processing of 4D CT images and their validation in an animal model and in a retrospective review of over 200 4D CT scans from patients with small malignant pulmonary nodules previously treated with radiation in our department. We have successfully developed the algorithms, and in a first validation we have demonstrated proof of principles that elastometry can distinguish malignant PNs from surrounding lung tissue (a manuscript is in preparation. The validation in animal models and the retrospective analysis of the human data is ongoing.
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Introduction:
In this project we are addressing a shortcoming of existing lung cancer screening methods by developing a CT based method of characterizing a mechanical property of pulmonary lesions, specifically tissue elasticity (stiffness) that should have a higher specificity than purely anatomic low-dose CT. It is the aim of the proposed study to decrease the false positive rate of CT screening by analyzing the mechanical properties of suspiciously appearing tissue during CT screening. We hypothesize that malignant pulmonary nodules are less elastic (stiffer) than benign nodules and that this difference in elasticity can be used to differentiate cancerous from benign nodules, which would help to decrease the false positive rates of CT screening. A measure of elasticity can be derived from high-resolution 4-dimensional computed tomography (4D CT) using deformable image registration algorithms. Unlike conventional 3D CT imaging that results in a static image of the scanned anatomy, 4D CT incorporates also the temporal changes of the anatomy caused by respiratory motion, yielding a CT 'movie' that allows the evaluation of tumor motion and the calculation of the elasticity.
Body:
Specific Aim 1. Development of deformable image algorithms for processing the 4D CT images to determine the elasticity of malignant and benign pulmonary nodules. (Dr. 
Maxim

Status (Task 1):
A manuscript describing our algorithm and its validation has been submitted to 'Radiotherapy and Oncology' (Green Journal) and is attached to this report. Status (Tasks 2, 3, 4): Due to ongoing repairs and upgrades of the GE-MicroCT scanner, our proposed experiments are being delayed again. The capability of acquiring 4DCT images is hampered by a defect in the GE-MicroCT scanner. Given this delay, we asked the DoD for a one-year no-cost extension, which was recently approved.
We were able to to successfully generate our benign model using the talc (instead of the proposed carbon nanotubes) as shown in Figure 1 .
As soon as the capability of acquiring 4DCT images is restored on the GE-MicroCT scanner, we
are ready to acquire and analyze the mechanical properties of the tumors and the benign tissue in accordance with the proposed method. Status (Task 5): We continue to de-archive and analyze more patients. We have identified several patients with benign nodules (in addition to malignant nodules that were treated in our department). From those patients with benign nodules, 30% showed strong motion artifacts in 4DCT that aggravated the analysis. 23% of thus far analyzed patients have very small benign nodules. With the acquired CT resolution, the nodules are comprised of a few voxels.
Deformable image registration for objects with such few voxels is inaccurate and 'noisy', thus the data will have limited value. Dr. Loo has started with the delineation of the benign and malignant nodules. Data will be processed and analyzed shortly.
Key Research Accomplishments:
Our first aim was to develop and validate an automated software package for determining PN elasticity against a manual contouring method, and preliminarily assess its ability to distinguish malignant tissue by comparing the elasticities of malignant PN with those of the lung. This work is now completed and a manuscript detailing the methodology and the results was submitted to 'Radiotherapy and Onclogy' (and included to this report).
Reportable Outcomes:
The following abstracts have been selected for POSTER presentation: A manuscript summarizing our initial validation was submitted to Radiotherpay and Oncology.
The abstract is included in the 'Supporting Documentation' section.
Conclusion:
We have successfully accomplished specific aim 1 of the proposed study. We now have a
functional software to process and analyze 4DCT images to distinguish malignant and benign PN. Despite setbacks in time because of upgrades of the small animal equipment ad some difficulties with the human data, we believe we are on track to carry out the proposed research project.
Supporting Data:
Abstract submitted to the Annual Conference of ASTRO (2014):
Automated Tool for Determining Pulmonary Nodule Elasticity to Distinguish Malignant Nodules
Purpose: To develop and validate an automated method of determining pulmonary nodule (PN) elasticity against a manual contouring method, and preliminarily assess its ability to distinguish malignant tissue by comparing the elasticities of malignant PNs treated with stereotactic ablative radiotherapy (SABR) with those of the lung.
Methods:
We analyzed breath-hold images of 30 patients with malignant PNs who underwent SABR in our department. A parametric nonrigid transformation model based on multi-level Bspline guided by Sum of Squared Differences similarity metric was applied on breath-hold images to determine the deformation map. The Jacobian of the calculated deformation map, which is directly related to the volume changes between the two respiratory phases, was calculated. Next, elasticity parameter will be derived by calculating the ratio of the Jacobian of the PN to the Jacobian of a 1cm region of lung tissue surrounding the tumor (E-ROI) as well as the Jacobian of the whole lung (E-Lung).
Results: For the first group of 15 patients we evaluated the volumetric changes of PNs and the lung from the maximum exhale phase to the maximum inhale phase, whereas the reverse was done for the second group of 15 patients. For the first group, mean and standard deviation for E-ROI and E-Lung were 0.91±0.09 and 0.86±0.18, respectively, which was verified by the manual method. For the second group, E-ROI and E-Lung were 1.34±0.27 and 1.57±0.51, respectively. These results demonstrate that the elasticity of the PNs was less than that of the surrounding lung (p<0.0037).
Conclusion:
We developed an automated tool to determine the elasticity of PNs based on deformable image registration of breath-hold images. The tool was validated against manual contouring. Preliminarily, PN elastometry distinguishes proven malignant PNs from normal tissue of lung, suggesting its potential utility as a non-invasive diagnostic tool to differentiate malignant from benign PN. CT. In this study, we propose to develop pulmonary nodule elastometry derived from CT images acquired at breathhold at extreme tidal volumes.
To demonstrate proof of principle that pulmonary nodule elastometry can be determined from breath-hold CT 50 images at extreme tidal volumes, we analyzed the CT images of 23 patients with malignant pulmonary nodules (MPN) previously treated with stereotactic ablative radiotherapy (SABR) at our institution and compared the volume change of the treated MPN with that of the surrounding lung.
Methods and Materials
55
Patient Selection
From all patients treated on an institutional protocol of stereotactic ablative radiotherapy (SABR) for lung tumors between November 2011 and October 2012, 23 patients had both inhale and exhale breath-hold CT scans performed at the time of simulation available for review and are included in this analysis.
60
CT Imaging
Deep inspiration and natural expiration breath-hold CT scans for these patients were acquired on a Discovery ST PET/CT Scanner (General Electric Medical Systems, Waukesha, WI), using the following acquisition settings: 120
KVp, 110-195 mAs, 1.25 mm slice thickness, 0.97-1.36 mm pixel size, 500-700 mm display field of view. Images were reconstructed using either the built-in Bone Plus or Soft convolution kernel.
65
Contouring
The original treatment plans were delineated on either exhale or deep inhale and the clinically used contours were taken as reference. Two observers manually delineated the MPN on the opposite respiratory phase using our treatment planning software (Eclipse V11, Varian Medical Systems, Inc., Palo Alto, CA). To address inter-observer 70 variability, the MPNs delineated by the two observers were compared to each other by calculating the dice similarity coefficient voxel-wise 7, 8 .
Deformable Image Registration
An intensity-based free-form deformable image registration (DIR) workflow was developed in MIM Maestro (MIM
75
Software Inc., OH) and applied on extreme tidal volumes to determine the deformation map between deep inhale and natural exhale images. The underlying algorithm parameters were inherent in the program. The similarity and smoothness criteria were combined into one energy function, which was minimized in the registration process 9 .
Since the main effect of respiration on MPN is the transition of MPN whereas deformation and volume change of MPN is minimal 10 , we separate effect of large displacement between two extreme breath-hold images from volume 80 changes of MPN itself. Therefore workflow starts with a tumor to tumor rigid registration with manual adjustment, followed by the DIR method which deforms the inhale image to exhale. Rigid registration and manual adjustment yield the advantage of robustness to the MPN location.
DIR Validation 85
We adopted dice similarity coefficient to assess the quality of overlap between the manually delineated contour and deformed contour 11 . As shown in Figure 1 (a) , for patients with MPNs originally delineated on inhale, DIR was used to create an exhale contour. The deformed contour was then compared to the two manually delineated exhale contours using the dice similarity metric. Similarly and as shown in Figure 1 (b) , for patients with MPNs originally delineated on exhale, the two observers manually delineated contours on deep inhale. Next, DIR was used to create 90 exhale contours from the manually delineated contours on deep inhale. These deformed contours were then compared to the clinically delineated contour by dice.
Quantitative Analysis of the Deformation Map
Because of the need for one-to-one correspondence between material points during continuous deformation, the 95 calculated Jacobian determinant is required to be non-zero 12, 13 . The degree of regional lung expansion is measured using the Jacobian determinant of the deformation map which is directly related to specific volume change 12 .
( 1) where is the volume of voxel element , and is its change in a different respiratory cycle. A value of one implies no volumetric changes, while a Jacobian determinant greater than one, or smaller than one implies local 100 tissue expansion or local tissue contraction, respectively. It therefore follows that for a continuous deformation to be physically possible, the Jacobian determinant must be greater than zero. We took advantage of this fact to evaluate the accuracy of the calculated deformation map.
To validate the volumetric changes as determined by the DIR method, we used the manually delineated MPNs. The volumetric changes were expressed as the ratio of the volumes in both phases.
(2)
where is the manually measured of volume ratio of MPN, is the volume of the MPN at deep inhale and is the volume of the MPN at natural exhale.
We derived an elasticity parameter defined as the ratio of the volumetric change of the MPN to the volumetric change of a 1 cm ring of lung tissue surrounding the MPN, 
120
Statistical Analysis
An equivalence test was performed to assess that the manually measured volume ratio was equivalent to the DIR calculated volume ratio of MPN. A paired t test was performed to compare the volume change of the normal tissue and the tumor tissue with both tissue samples coming from the same patient. All analyses were performed using 125 SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).
Results
Patient and Tumor Characteristics
We have included 23 lung cancer patients with non-small cell lung cancer (NSCLC) that were treated at our 130 institution. The patient and tumor characteristics are given in Table 1 .
DIR Validation
For all patients, the dice similarity coefficient between the delineated tumor by observer 1 and that of observer 2 is 0.81±0.1, whereas the dice value is 0.79±0.07 and 0.79±0.06 between DIR and observer 1 and DIR and observer 2, 
MPN Elasticity
For all patients of our study, the mean and standard deviation of the calculated volume ratio of the MPN and that of the 1cm ring surrounding lung tissue was 0.91±0.18 and 0.75±0.13, respectively. The mean and standard deviation 150 of the difference between the calculated volume ratio of the MPN with that of 1 cm ring surrounding lung tissue was 0.16±0.15 (p<0.0001). Figure 5 (a) shows the calculated volume ratio of MPN and 1cm ring surrounding lung tissue for all patients. It mainly distributed below the unity line demonstrating that the volume ratio of the MPNs are less than that of the 1 cm ring surrounding lung tissue.
Finally, based on our definition of the elasticity parameter in Eq. 3, the mean and standard deviation of the 155 calculated elasticity ( ) of the MPN was 0.78±1.1. Figure 5 (b) shows the distribution of the calculated elasticity for all patients. Based on the presented results in Figure 5 Our study does have certain limitations. First, our method was applied to a small number of patients, and focused only on proven MPNs, excluding benign nodules. The imaging protocol for all patients was not completely uniform which resulted in different image resolutions that can impact the analysis. However we employed image interpolation so that DIR was applied to images of the same resolution.
185
To the best of our knowledge, this is the first study to calculate the elasticity of MPN from dynamic thoracic images. 
195
Since a limitation of current CT based screening for lung cancer is distinguishing malignant from benign nodule 23 , our method could impact clinical practice by increasing the specificity of CT-based lung cancer screening. In addition CT elastometry may predict tumor aggressiveness that could potentially be used in multifocal lung cancer patients to ascertain and treat the most aggressive lesions first. Ultimately it may even be helpful to distinguish aggressiveness of different tumor regions to guide radiation therapy dose painting or adaptive boost design.
200
Future directions include applying our analysis to both proven malignant and benign nodules, and ultimately may differentiate the aggressiveness of tumors or tumor regions to aid radiation therapy target selection or dose painting.
Strain tensor map along with elasticity can measure pulmonary nodule homogeneity in order to compare benign and malignant nodules. In addition we will attempt to extend our method to 4D CT images routinely acquired for radiotherapy simulation. 
